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Pathological high frequency oscillations (250–600Hz) are present in the brains of
epileptic animals and humans. The etiology of these oscillations and how they
contribute to the diseased state remains unclear. This work identiﬁes the presence of
microstimulation-evoked high frequency oscillations (250–400Hz) in dissociated neuronal
networks cultured on microelectrode arrays (MEAs). Oscillations are more apparent
with higher stimulus voltages. As with in vivo studies, activity is isolated to a single
electrode, however, the MEA provides improved spatial resolution with no spread of
the oscillation to adjacent electrodes 200μm away. Oscillations develop across four
weeks in vitro. Oscillations still occur in the presence of tetrodotoxin and synaptic
blockers, and they cause no apparent disruption in the ability of oscillation-presenting
electrodes to elicit directly evoked action potentials (dAPs) or promote the spread of
synaptic activity throughout the culture. Chelating calcium with ethylene glycol tetraacetic
acid (EGTA) causes a temporal prolongation of the oscillation. Finally, carbenoxolone
signiﬁcantly reduces or eliminates the high frequency oscillations. Gap junctions may play
a signiﬁcant role in maintaining the oscillation given the inhibitory effect of carbenoxolone,
the propagating effect of reduced calcium conditions and the isolated nature of the activity
as demonstrated in previous studies. This is the ﬁrst demonstration of stimulus-evoked
high frequency oscillations in dissociated cultures. Unlike current models that rely on
complex in vivo recording conditions, this work presents a simple controllable model
in neuronal cultures on MEAs to further investigate how the oscillations occur at the
molecular level and how they may contribute to the pathophysiology of disease.
Keywords: multielectrode array, microelectrode, MEA, oscillation, gap junction, NeuroRighter, carbenoxolone,
microstimulation
INTRODUCTION
The complex process of cognition at a very elementary level is
subserved by the transmission of signals across synapses between
neurons. These signals often accumulate and produce rhythms
or oscillations. For over half a century, lower frequency oscil-
lations (δ:1–3Hz, θ:4–7Hz, α:8–12Hz, β:13–20Hz) have been
routinely analyzed as part of an electroencephalogram (EEG) and
utilized to evaluate superﬁcial cortical dysfunction. Oscillations
in the γ range (20–80Hz) have been implicated in memory stor-
age as well as more general brain synchronization in response to
stimuli (Engel and Singer, 2001; Fell et al., 2001, 2003; Sederberg
et al., 2003; Gruber et al., 2004; Herrmann et al., 2004; Axmacher
et al., 2008). The relationship of frequencies above 80Hz to
brain function and pathology is currently the topic of much
study.
High frequency oscillations above 80Hz have been described
in animal models as well as humans and are commonly
divided into two categories: ripples (80–250Hz) and fast rip-
ples (250–600Hz) (Buzsaki et al., 1992; Chrobak and Buzsaki,
1996; Bragin et al., 1999a, 2010; Staba et al., 2004; Ulanovsky and
Moss, 2007). Other subdivisions within frequency ranges are also
utilized when describing oscillations. For example, sharp-wave
ripplecomplex isatermused to delineateoscillations 140–200Hz
(Behrens et al., 2005). Most studies with recordings from behav-
inganimalsshowthatripplefrequencyoscillationsareinvolved in
memory formation and consolidation with a few studies suggest-
ing that these oscillations may function as a seizure nidus (Siapas
and Wilson, 1998; Sirota et al., 2003; Axmacher et al., 2008; Engel
et al., 2009; Bragin et al., 2010). Fast ripples, however, are almost
uniformly associated with epileptogenesis.
These fast ripples have been observed in rats that have spon-
taneous seizures and are thought to be pathological given their
association with brain regions displaying seizure onset (Bragin
et al., 1999b,c, 2000). This phenomenon has been observed with
hippocampal seizure onset and there is data that correlates areas
with greater numbers of fast ripples and increased seizure rates
(Bragin et al., 2003, 2005). Fast ripples may even be a predic-
tive measure for seizures (Bragin et al., 2004). Finally, many
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studies have demonstrated the presence of fast ripples in epilep-
tic patients (Bragin et al., 1999b, 2002b; Staba et al., 2002, 2004;
Jirsch et al., 2006; Urrestarazu et al., 2007; Jacobs et al., 2008;
Khosravani et al., 2009).
The underlying cause of these fast ripples or pathological high
frequency oscillations is not entirely clear. Whereas ripple oscilla-
tions may represent the accumulation of inhibitory post-synaptic
potentials, the pathologicalhighfrequencyoscillations orfastrip-
ples may represent a small population of bursting cells (Bragin
et al., 2002a, 2007; Engel et al., 2009). However, there is also data
suggesting that electrical coupling through gap junctions may be
partially responsible for the ripple oscillations (Draguhn et al.,
1998; Traub et al., 2002; Roopun et al., 2010).
Given the implication of high frequency oscillations in epilep-
togenesis and the prevalence of epilepsy, it is unfortunate that
models for studying the phenomenon are limited. Recent work
by Cardin and colleagues demonstrated the ability to generate
gamma oscillations by activating fast spiking interneurons uti-
lizing optogenetic techniques, however, this is limited to much
lower frequencies (∼40Hz) (Cardin et al., 2009). Another group
wasableto producesharp-waveripplecomplexes inhippocampal
slice cultures through stimulation protocols that evoke long-term
potentiation (Behrens et al., 2005). Although epileptic rats and
humans have fast ripples, there are signiﬁcant challenges in using
these models that rely on implanted electrodes to study cellular
and molecular changes.
Our laboratory utilizes dissociated neuronal networks on
microelectrode arrays (MEAs) to study learning and network
dynamics (Wagenaar et al., 2005, 2006a; Rolston et al., 2007;
Bakkum et al., 2008; Chao et al., 2008; Hales et al., 2010).
Neuronal networks on MEAs have several advantages over other
electrophysiological techniques (Potter and DeMarse, 2001).
Entire networks of neurons can be monitored instead of single
neurons as with patch clamping. Unlike voltage clamping exper-
iments, cultures can be studied for weeks to months since cells
are not damaged during recording. Another advantage for cul-
tures on MEAs is that there is notable ease in manipulating these
networks from both pharmacological and genetic avenues and
cultures of different sizes down to single cells can be followed
in real time with imaging. Like slice cultures and in vivo prepa-
rations, neuronal networks on MEAs maintain a high level of
complexity in the mature state and exhibit complex recurring
activity patterns (Wagenaar et al., 2006a; Madhavan et al., 2007;
Pimashkinetal.,2011).GlutamateandGABAarethemainexcita-
tory andinhibitory neurotransmitters in these neuronalnetworks
(Dichter, 1978). However, unlike slice cultures and whole ani-
mals, neuronal networks on MEAs represent a far simpler and
more reductionist model for experimentation.
In this work we were able to induce fast ripple oscillations
(250–400Hz) in neuronal networks on MEAs in vitro with extra-
cellular stimulation. Supporting experiments in this work suggest
that these fast ripples may be mediated by gap junctions. This
work is the ﬁrst to demonstrate high frequency oscillations in
dissociated cells forming neuronal networks. The model could be
developed to study epileptogenesis and perhaps even be used in a
translational approach for evaluating efﬁcacy of pharmacological
therapies.
MATERIALS AND METHODS
CELL CULTURE TECHNIQUES
Cells were prepared and plated onto MEAs as described (Potter
and DeMarse, 2001; Hales et al., 2010). Brieﬂy, hippocampi and
cortical hemispheres were obtained from E18 rat embryos and
placed into medium following protocols in adherence to fed-
eral and institutional guidelines. In separate tubes, hippocampi
and cortical hemispheres were digested with trypsin, triturated,
and ﬁltered (40μm) (Hales et al., 2010). MEAs were steril-
ized with 70% ethanol soak followed by ultraviolet light expo-
sure in a biological safety cabinet. The MEA culturing surface
was prepared with polyethylenimine, followed by three water
washes, drying, then laminin coating of the MEA center ensur-
ing to cover all electrodes. 50,000 cells were used for each dish
(5000–10,000 cells/mm2). Culturing medium [90ml Dulbecco’s
modiﬁed Eagle’s medium (Irvine Scientiﬁc 9024), 10ml horse
serum (Gibco 16050), 1ml sodium pyruvate (100mM, Gibco
11360), 250μl GlutaMAX (Gibco 35050), and insulin (ﬁnal con-
centration 2.5μg/ml, Sigma I-5500)] was changed in its entirety
on day one in vitro. Subsequent culture feeding occurred every
3–4 days in vitro (DIV) and involved removing half the medium
in the dish and replacing with fresh medium. Cultures were incu-
bated at 35◦C with 5% carbon dioxide, 9% oxygen, and 65%
relative humidity (Potter and DeMarse, 2001).
MEA RECORDING AND STIMULATION
MEAs (59 titanium nitride electrodes, 30μm diameter, 200μm
interelectrode spacing, one ground electrode, with glass culturing
well) were purchased from Multichannel Systems. The recording
system, NeuroRighter, included custom software and hardware
asdescribed previously(http://code.google.com/p/neurorighter/)
(Rolston et al., 2009, 2010). The recording apparatus utilized
a MEA60 Multichannel Systems preampliﬁer for docking the
MEA. All recordings took place in the culture incubator at
35◦C with 5% carbon dioxide, 9% oxygen, and 65% relative
humidity (Potter and DeMarse, 2001). Dishes were allowed to
equilibratefor5–10mininincubatoratmospherepriortorecord-
ing since previous observations suggest that culture movement
causes a transient reduction in culture wide ﬁring (Wagenaar
et al., 2006b). Extracellular stimulation involved the sequential
delivery of biphasic square wave voltage controlled pulses, pos-
itive phase ﬁrst (400μs/phase), randomly across all electrodes
at 1Hz. Stimulation voltages ranged from ±0.3V to ±0.7V.
Raw electrode voltages were sampled at 25kHz and band-pass
ﬁltered with a second order Butterworth with 3dB roll-off fre-
quencies of 200 and 5000Hz. Ampliﬁer gain was set at 1200.
Extracellular action potentials were detected as voltage tran-
sients exceeding six times the estimated root-mean-square(RMS)
noise levels for each electrode. The SALPA algorithm, a fast,
local polynomial curve ﬁtter, was used for rapid recovery from
stimulation artifacts (Wagenaar and Potter, 2002). Data pre-
sented are representative SALPA traces, raster plots, and power
spectra from a total of 173 electrodes exhibiting a stimulus-
induced oscillation, across nine cultures (six hippocampal, three
cortical) from three different plating sessions. Recordings were
obtained from cultures 3–8 weeks in vitro unless otherwise indi-
cated in the ﬁgure legends. Cultures utilized for the experiments
Frontiers in Neural Circuits www.frontiersin.org M a y2 0 1 2|V o l u m e6|A r t i c l e2 9| 2Hales et al. High frequency oscillations on MEAs
were assessed for spontaneous and stimulus-evoked activity twice
weekly.
PHARMACOLOGICAL ADMINISTRATION
Drugs were added to the MEA via medium exchange, utilizing
the medium conditioned by the culture. The exchange was con-
ducted in the biological safety cabinet and medium was ﬁltered
(0.2μm) to maintain sterility in the culture. Mock exchanges
were also conducted as a control to ensure the pharmacological
effect was not due to movement-induced changes in ﬁring prop-
erties from the exchange or transporting the dish aboutthe room.
Final concentrations of pharmacological agents (all from Sigma):
carbenoxolone (CBX, 150μM), EGTA (10μM), tetrodotoxin
(TTX, 1μM), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX,
20μM), amino-5-phosphonovaleric acid (APV, 10μM), bicu-
culline (20μM).
DATA ANALYSIS
All data analysis was conducted using MATLAB. NeuroRighter
output ﬁles were imported into MATLAB using conversion tools
freely available on the NeuroRighter code site. Student’s t-test
was utilized to determine statistical signiﬁcance with standard
deviation represented with all statistical analysis as indicated.
Power spectrum plots were created using the Field-Trip toolbox
in MATLAB (Oostenveld et al., 2011) and calculated by averag-
ing the average power of two stimulus trials for each electrode
across multiple cultures for the given conditions as described in
the results.
RESULTS
EXTRACELLULAR STIMULATION INDUCES HIGH FREQUENCY
OSCILLATIONS ON SINGLE MEA ELECTRODES
Previous studies in hippocampal slice cultures demonstrated
the ability to elicit high frequency oscillations with electrical
stimulation (Draguhn et al., 1998; Behrens et al., 2005). The
NeuroRighter recording system is ideal for analyzing post stim-
ulus spike data and activity traces to search for these oscillations
because it employs the SALPA algorithm which allows for rapid
recovery from stimulus-induced artifacts (Wagenaar and Potter,
2002; Rolston et al., 2009). This provides voltage traces within
2–5ms post stimulus.
Sequential random stimulation at 1Hz across electrodes of
MEAs supporting hippocampal neuronal networks allowed us
to identify electrodes that display a stimulus-evoked high fre-
quency oscillation (Figure1A). This oscillation was still present
even when cell medium contained 1μMT T X( Figure1B),
blocks voltage-dependent sodium channels and eliminates spik-
ing. AMPA, NMDA, and GABA receptor antagonists CNQX,
APV, and bicuculline, respectively, did not disrupt the oscillation
(Figure1C). Oscillations were also present in cortical neuronal
cultures (Figure3A) and similarly affected by pharmacological
manipulation. The spectral content of the oscillations was calcu-
lated over sliding time windows after the stimulus. Average power
spectra are presented in Figure2. The robust oscillation was not
present under baseline conditions as represented by the aver-
age power spectrum of the oscillation-containing electrode when
stimulation occurs on other electrodes (Figure2A;f r o mn = 152
FIGURE 1 | Stimulus-induced high frequency oscillations. (A) SALPA
ﬁltered trace (sampling frequency 25kHz) from a single electrode in a
hippocampal neuronal culture (age seven weeks) in medium, (B) medium
with 1μM TTX, and (C) medium with 1μM TTX in addition to synaptic
blockers CNQX (20μM), bicuculline (20μM), and APV (10μM). 0.5V
stimulus occurs at the black arrow. Stimulation artifact removal by the
SALPA algorithm blanks the trace for 2–5ms after the stimulus. Traces are
representative: (A) and (B) (six cultures: two cortical and four hippocampal,
152 electrodes), (C) (three cultures: one cortical and two hippocampal,
106 electrodes).
electrodes). There was a band of increased power between 250Hz
and 400Hz (Figure2B; n = 152 electrodes) that persisted in
the presence of 1μMT T X( Figure2C; 106 electrodes). There
was no statistical difference in the oscillation duration (2.40 ±
2.22s vs. 2.89 ± 2.50s; p-value = 0.09) between untreated cul-
tures and cultures with TTX (Table 1). The oscillation amplitude
was 25.63 ± 7.97μV in TTX treated cultures while accurate
amplitudes could not be determined for oscillations in untreated
cultures because ofsuperimposed action potentials. A less intense
band of increased power was noted just above 600Hz.
The oscillation was voltage-dependent since it was absent with
stimulation at 0.3V but present at higher voltages (Figure3A).
The duration of the oscillation increased from no oscillation at
0.3V −3.53 ± 2.86s with 0.5V stimulus and 7.38 ± 3.61s with
0.7V stimulus (Figure3B). The increase in duration from 0.5V
to 0.7V was statistically signiﬁcant (p < 0.001). To ensure that
the oscillation was not caused by a stimulation artifact or issue
with hardware, stimulation on a commercially availabletest MEA
(with resistors and capacitors to represent electrode impedance)
in addition to a MEA without cells did not reproduce the oscil-
lation (data not shown). Also, it could not be observed on every
electrode of an MEA. MEAs were cultured to uniform density so
astocontrolforvariabilitythatcouldbeintroducedbydifferences
in cellular contacts with electrodes. MEAs were visually inspected
to ensure a uniform distribution with each recording session.
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FIGURE 2 | 250–400 Hz oscillation. Average baseline power
spectra of electrodes that contain the stimulus-evoked oscillation when
a different electrode was stimulated at time 0 (A), with stimulation at
time 0 on the electrode with the oscillation (B), and with stimulation at
time 0 in the presence of 1μM TTX (C). (A,B): six cultures
(two cortical and four hippocampal, 152 electrodes). (C): three cultures
(one cortical and two hippocampal, 106 electrodes); culture age
4–8 weeks.
Table 1 | Mean amplitude and duration of stimulus-evoked oscillation.
Culture condition Mean max amplitude Mean oscillation Condition comparison Mean max amplitude Oscillation duration
(µV) ± SD duration (sec) ± SD (p-value)∗∗∗ (p-value)∗∗∗
Untreated N/Aa 2.40 ± 2.22 Untreat./TTX N/Aa 0.09
TTX 25.63 ± 7 .97 2.89 ± 2.50 TTX/CBX 2.26×10−23 1.97 × 10−16
CBX 16.05 ± 4.87 0.73 ± 0.87 TTX/EGTA 0.23 1.13 × 10−136 b
EGTA 23.38 ± 9.98 >60b
aUnable to accurately determine amplitude with superimposed action potentials.
bDuration of oscillation was longer than stimulus interval (60s) between stimulation trials on a given channel. Sixty seconds duration for the oscillation was utilized
for calculating the p-value.
∗∗∗p-value < 0.05 designates statistical signiﬁcance.
FIGURE 3 | The stimulus-evoked oscillation is voltage-dependent.
(A) SALPA ﬁltered recordings (cortical culture age six weeks) with stimulus
of 0.3V, 0.5V, and 0.7V at the large black arrowhead. (B) The duration in
seconds of the oscillation is longer with higher voltages (n = 57 electrodes
from four cultures: one cortical and three hippocampal, ∗p < 0.001). 1μM
TTX was present in the medium. Error bars: standard deviation.
Previous microwire studies in rodents and epileptic humans
showed that similar high frequency oscillations are isolated to
single microwires with around 1mm spacing (Bragin et al., 2003;
Schevon et al., 2009). The work here suggested a very localized
population of cells is responsible for the activity. The stimulus-
evoked oscillations in cultured networks were present only on the
single stimulation electrode with no spread to adjacent electrodes
(Figure4), even with higher voltages (data not shown). These
results provide improved spatial resolution of the activity com-
paredtoin vivomicrowirestudies sincethe oscillation wasfurther
localized to a population of cells within a 200μmr a d i u s .
STIMULUS-EVOKED OSCILLATIONS DEVELOP OVER TIME
Cultures on MEAs mature as neurons progress from a dissoci-
ated state to highly connected neuronal networks with millions
of synapses (Wagenaar et al., 2006b). If the stimulus-evoked high
frequency oscillations were caused by single cells, then the activ-
ity may be more readily apparent very early in development.
However, if the oscillations developed and strengthened over
time, then this could suggest dependency on network connec-
tions. The power spectrum at 11DIV showed limited develop-
ment of the 250–400Hz oscillations, however, high frequency
oscillations are present by 18DIV and persist through 27DIV
(Figure5A, average power spectra from 26 electrodes, four cul-
tures). The number of electrodes with this stimulus-evoked oscil-
lation varied between cultures (n = 7) and increased from no
clear oscillations at 1.5 weeks, to 8.71 ± 7.59% of electrodes with
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FIGURE 4 | Oscillations are isolated to a single electrode. 200 ms of
SALPA ﬁltered traces appropriately oriented to each of 59 electrodes
(200 μm spacing) from a single microelectrode array. 0.5V stimulus occurs
only on the electrode with the black arrow. Representative example
(hippocampal culture age six weeks) from n = 152 electrodes in six cultures
(two cortical and four hippocampal). TTX was not present in the medium.
FIGURE 5 | Development of stimulus-induced oscillations. (A) Average
power spectrum at 11, 18, and 27 DIV with 0.5V stimulus (large black
arrowhead; four cultures) (two cortical and two hippocampal; n = 26
electrodes). (B) The number of active electrodes with the stimulus-evoked
oscillation increases as cultures age. (∗p < 0.001; n = 7 cultures; median
total active electrodes per culture = 59). 1μM TTX was present in the
medium. Error bars: standard deviation.
the oscillation at three weeks, and 31.25 ± 10.13% of electrodes
with the oscillation at six weeks (Figure5B). Results in Figure5B
were calculated based on increasing amplitudes, however, the
power spectrum in Figure5A suggests that subtle ﬁndings of the
oscillation are even becoming apparent at Day 11.
dAPs AND SYNAPTIC ACTIVITY PERSIST DESPITE THE OSCILLATION
In addition to oscillations, typical stimulus-evoked activity on
MEAs includes evoked spiking activity. Directly evoked action
potentials (dAPs), which are detected even in the presence of
synaptic blockers, occur ﬁrst followed by a synaptic wave spread-
i n ga c r o s st h ed i s h( Wagenaar et al., 2006b; Bakkum et al., 2008).
dAPsarespikesthatoccurintheﬁrst0–20msafter astimulusand
represent a direct depolarization of a cell process or soma by the
stimulating electrode. dAPs are best demonstrated on spike raster
p l o t sc o n t a i n i n gm u l t i p l es t i m u l u st r i a l sb e c a u s et h e i rl a t e n c y
has little variation making them more visible as aligned spikes
when plotted on the same graph (Figure6A). Figure6A shows
that despite evoking a robust oscillation on one electrode, dAPs
continued to occur throughout the culture, and this is similar
to dAPs produced by electrodes that do not display the evoked
oscillation(datanotshown).Similarly,therewasalsonocleardis-
ruption of stimulus-evoked synaptic activity (Figure6B). There
were action potentials present on most electrodes within 100ms
of the stimulus.
THE EFFECT OF PHARMACOLOGICAL BLOCKADE AND REDUCED
CALCIUM CONDITIONS ON STIMULUS-EVOKED OSCILLATIONS
IN MEAs
Previous work has suggested that ripples around 200Hz may be
due to direct electrical coupling (Draguhn et al., 1998; Traub
et al., 2002; Roopun et al., 2010). Modeling data by the same
group suggested that these types of junctions are theoretically
capable of producing 200Hz oscillations in local neuron popula-
tions (Draguhn et al., 1998). The frequency of fast ripples is likely
greater than what is physiologically possible for an action poten-
tial train from a single neuron. Multi-unit action potentials are
possible, however, one would expect spread of the oscillation to
other electrodes in the MEA when there is no pharmacological
blockade. This spread does was not observed (Figures4 and 6).
Pharmacological blockade of voltage-dependent sodium chan-
nels with tetrodotoxin failed to quell the stimulus-evoked high
frequency oscillation (Figure1B). Direct synaptic blockade also
had no effect onthe stimulus-evokedoscillation (Figure1C). The
addition of carbenoxolone (CBX, 150μM), a putative gap junc-
tion blocker, either reduced the amplitude and duration of the
stimulus-evoked oscillation or completely abolished the oscilla-
tion (Figure7A). Average power spectra demonstrated a near
complete lossofthe oscillationwhencomparingculturescontain-
ing 1μMTT X( Figure7B) to cultures containing 1μMTT Xp l u s
150μMC B X( Figure7C). CBX reduced the oscillation ampli-
tude from an average 25.63 ± 7.97μVt o1 6 .05 ± 4.87μVw i t h
a p-value of 2.26 × 10−23 while the oscillation duration was
reduced from 2.89 ± 2.50s to 0.73 ± 0.87s with a p-value of
1.97 × 10−16 (Table 1). The oscillation returned to baseline with
CBX washout.
Previous studies showed that gap junction activity is potenti-
ated in low calcium conditions (Jiruska et al., 2010), and there is
a model of epilepsy based on this premise (Perez-Velazquez et al.,
1994). In this work, low extracellular calcium conditions induced
bychelating the calciumin the mediumwith EGTA,enhanced the
stimulus-evoked oscillation with signiﬁcantly prolonged oscilla-
tion durations (Figure 8A and Table 1). The oscillation persisted
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FIGURE 6 | Stimulus-evoked dAPs and synaptic activity with oscillations.
(A) Detected spikes (.) over 20 trials (y-axis) 100ms before and after a 0.5V
stimulus (large black arrowhead) only on that electrode. Raster plots are
oriented to recording electrode location. Small arrowheads designate dAPs on
ﬁve of the electrodes although they are present on most electrodes. (B) 100 ms
post-stimulation of SALPA ﬁltered traces on all 59 electrodes of a MEA.
Synaptic activity evoked on multiple electrodes (small black arrowheads).
Representative examples (A, cortical culture age six weeks; B, hippocampal
culture age seven weeks) from n = 152 electrodes in six cultures (two cortical
and four hippocampal). TTX was not present in the medium.
intothenextstimulustrialonelectrodestested,sobyusinganaver-
agetime ofsixty secondsbetween trialsasaconservativeestimate,
the calculated p-value was highly signiﬁcant at 1.13 × 10−113.
The amplitude of the oscillation was unchanged (p = 0.23). The
stimulus-evoked oscillation returned to a baseline duration fol-
lowingwashout(Figure 8A).Theaveragepowerspectrumshowed
a slight narrowing of the 250–400Hz power band (Figures 8B
and 8C). Therefore, this oscillation-potentiating effect induced
by EGTA provided further support that gap junctions may be
responsible for the stimulus-evoked oscillation.
DISCUSSION
High frequency oscillations likely have various functional capaci-
tiesinthehumanbrain.Althoughgammaandripple(sharp-wave
ripple) frequencies may represent normal oscillatory behavior
that subserves regional synchronization and memory consolida-
tion, the fast ripple frequencies seem to be connected with a
pathological state (Buzsaki et al., 1992; Chrobak and Buzsaki,
1996; Siapas and Wilson, 1998; Bragin et al., 1999a,b, 2010;
Engel and Singer, 2001; Sirota et al., 2003; Staba et al., 2004;
Ulanovsky and Moss, 2007; Engel et al., 2009). Establishing a
model to more closely assess the underlying etiology of such
fast ripples could provide valuable information about the gene-
sis of diseases like epilepsy as well as establish more foundational
knowledgethatcouldapplyto othertypesofnetwork oscillations.
Wepresentdataonsuchanidealmodel showingstimulus-evoked
high frequency oscillations in neuronal networks on MEAs.
The accessibility of cultures on MEAs for manipulation is a
key beneﬁt of this model. Once an electrode with the oscillation
is identiﬁed, the oscillation can be followed for weeks. This would
allow for pharmacological manipulation in addition to more
complexgeneticstudiessuchastransfecting withadesiredgeneor
knocking down an RNA message. More detailed imaging work is
also feasible and wouldbe needed to further characterize molecu-
larunderpinnings ofthe oscillation.Finally, theabilityto monitor
the entire network with other electrodes allows for a more global
picture than could be seen with single-cell electrophysiology.
Although no clear immediate difference in network response was
detected when looking at direct evoked action potentials and the
effect on synaptic activity, future studies could assess longer last-
ing changes in network activity anddynamics. As with anymodel,
therearealsodisadvantagesandinparticularhere,networks likely
do not completely reconnect and fully recapitulate in vivo neu-
ronal organization. However, since networks must mature and
presumably form various connections for the stimulus-evoked
oscillation to be present, this work suggests that some degree
of architectural preservation must occur in dissociated neuronal
networks on MEAs.
The frequency of 250–400Hz suggests that the oscillations
are likely pathological and although this could be a function of
how neuronal networks form in vitro, many of the characteris-
tics of the oscillations are similar to those observed from macro-
and microwire studies in vivo (Bragin et al., 1999b,c, 2002b,
2010; Staba et al., 2002; Jirsch et al., 2006; Urrestarazu et al.,
2007; Jacobs et al., 2008; Worrell et al., 2008; Khosravani et al.,
2009). Most notable is the fact that the stimulus-evoked oscil-
lations are isolated to single electrodes suggesting that a highly
localized population of cells is likely responsible as mentioned
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FIGURE 7 | Effect of carbenoxolone (CBX) on the stimulus-evoked
oscillation. (A) Three seconds of SALPA ﬁltered trace from two electrodes
(hippocampal culture, age six weeks) showing baseline, with 150μM CBX,
and following washout with 0.5V stimulus (large black arrowhead). TTX
1μM was present in the medium. The stimulus-evoked oscillation returned
within 10–15 min following washout. The oscillation was completely
abolished in electrode 2–1 (column-row) and signiﬁcantly reduced in
electrode 3–1. (B) Average power spectra from three cultures (age 5–7
weeks) and 106 electrodes in the presence of TTX 1μMa n d(C) following
the addition of CBX 150μM.
by others (Bragin et al., 2002a, 2007). Similarly, high frequency
ripple oscillations have been observed and induced in hip-
pocampal slice cultures (Draguhn et al., 1998; Behrens et al.,
2005). Interestingly, there is also a less prominent power band
above 600Hz that may represent another pathological oscil-
lation or, since there does appear to be a decrease in power
when TTX is added (Figure2C) or in the presence of EGTA
(Figure8C), this may just be superimposed multiunit action
potentials or perhaps rebounding dAPs. In the average baseline
power spectrum (Figure2A), there is also a small brief broad-
band increase in power in the oscillation containing electrode
just post stimulus on other electrodes. This may be related to
stimulus artifact, dAPs or brief multiunit activity causing subtle
transient activation of the oscillation. It is also possible that the
high frequency oscillation is present even in baseline conditions
FIGURE 8 | Effect of EGTA on the stimulus-evoked oscillation. (A) Sixty
seconds of representative SALPA ﬁltered traces at baseline, with 10mM
EGTA and after washout (ﬁve days). 0.5V stimulus (large black arrowhead).
(B) Average power spectra showing baseline with TTX 1μMa n d(C) after
the addition of 10mM EGTA. 0.5V stimulus at time 0 (hippocampal culture,
age six weeks, n = 22 electrodes).
but just low in amplitude until facilitated by an electrical
stimulus.
The etiology of pathological high frequency oscillations
remains largely unknown, however, work in slice cultures sug-
gests thatelectrical couplingofcells mayberesponsible(Draguhn
et al., 1998; Traub et al., 2002; Roopun et al., 2010). The con-
tinuation of the oscillation in the presence of TTX suggests
that the activity is not mediated by voltage-dependent sodium
channels. The slight reduction in the oscillation amplitude occa-
sionally observed (Figure1B) in the presence of TTX is likely
secondary to a loss of superimposed action potentials present
in the TTX treated culture. Alternatively, it is possible that
there could also be a minor contribution from sodium cur-
rents in facilitating the oscillation. Similarly the use of synaptic
blockers demonstrates that glutamatergic or GABAergic activ-
ity is likely not responsible for the oscillation. The inhibitory
effect of carbenoxolone on the stimulus-evoked oscillation
is in agreement with the slice work in suggesting that the
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oscillation may be due to electrical coupling from gap junctions.
There is controversy in the literature concerning the speciﬁcity
of carbenoxolone for gap junction blockade (Chepkova et al.,
2008; Tovar et al., 2009; Beaumont and Maccaferri,2011; Behrens
et al., 2011), however, the non-speciﬁc effects are partially mit-
igated since the oscillation persists despite synaptic blockade.
That the low calcium condition enhances the oscillation is also
consistent with a gap junction mechanism, as is the highly
localized nature of the activity. Others have demonstrated the
presence of gap junctions in the central nervous system and
shown that gap junction connections may only transmit sig-
nals in highly localized environments (Sohl et al., 2005; Roopun
et al., 2010). It is not clear based on these studies whether the
activity is mediated by neurons, glia or a combination of cells
as cultures utilized for these experiments are mixed neuron/glia
cultures.
If the oscillation is mediated by neurons, then axonal pro-
cesses,directsomacontacts,orsomecombinationmayberespon-
sible. With 30μm electrodes and 25,000–50,000 cells in the dish,
there were likely multiple cell bodies in contact with the electrode
in addition to hundreds and possibly thousands of cellular pro-
cesses. Therefore, it is likely that multiple cells are being directly
impacted by the stimulation. It would be unlikely for a single-
cell to be solely responsible for the extracellular recordings unless
perhaps the oscillation is caused by transient membrane dam-
age. The electrical coupling model is feasible and could represent
localized transmission through coupled processes or cell bodies.
There is likely a limited contribution from synaptic activity given
that synaptic blockers were evaluated and that the oscillation was
localized to a single electrode and did not spread to adjacent
electrodes. Further studies are needed to better characterize the
physiological changes, including directed imaging with calcium
o rp Hs e n s i t i v ed y e sa sw e l la si n t r a c e l l u l a rc l a m p i n gd u r i n gt h e
oscillations.
This model may prove to be a useful tool for establishing
a greater understanding of pathological high frequency oscilla-
tions and how they may lead to epilepsy. There could also be
applications in studying learning and memory and possible ther-
apies for those with cognitive impairments like Alzheimer’s dis-
ease, the most common cause of cognitive decline. A clinical trial
utilizing carbenoxolone versus placebo demonstrated improved
cognitive scores in elderly men (Sandeep et al., 2004). Although
the effect was mainly attributed to reductions in glucocorti-
coid concentrations, an alternative hypothesis based on this
work suggests that reductions in pathological high frequency
oscillations may also be responsible for the improved cogni-
tion. Intriguingly, high frequency oscillations in epilepsy and
cognition are intertwined since both patients and animal mod-
els with Alzheimer’s disease can develop seizures (Palop et al.,
2007). Further studies would be needed to explore the mecha-
nism of action at the molecular level and to determine whether
or not the effect is merely symptomatic or perhaps disease
modifying.
This is the ﬁrst demonstration of the ability to induce patho-
logical high frequency oscillations in dissociated cultures and
these in vitrofastripplesmaybe dependentonelectrical coupling.
The model may help to elucidate the basic pathophysiological
mechanisms of devastating illnesses like epilepsy and Alzheimer’s
disease. Ultimately, this model may have potential for use in
high-throughput pharmacological screens in establishing better
therapies for aberrant brain activity.
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